BACKGROUND: Sperm extracted from testicular biopsies of azoospermic men can successfully be used for ICSI. The concern exists that testicular sperm from azoospermic men suffering from severe testicular failure may have a higher frequency of aneuploidy, which may lead to an increased risk for chromosomally abnormal offspring. METHODS: Testicular sperm from patients showing spermatogenic failure (n ⍧ 17) and from patients with normal spermatogenesis (n ⍧ 26) were analysed by fluorescence in-situ hybridization (FISH). Numerical chromosomal abnormalities for chromosomes X, Y and 18 were evaluated by FISH in a total of 1697 testicular sperm derived from 43 azoospermic patients. RESULTS: No difference was observed between the frequency of chromosomal abnormalities in testicular sperm from patients with normal spermatogenesis (5.6%) and from patients with spermatogenic failure (8.2%). However, the frequency of aneuploidy for chromosome 18 was higher in the group of azoospermic patients with spermatogenic failure than in the group with normal spermatogenesis (3.2 versus 1.3%). Within the obstructive group, sex chromosome aneuploidy (4.5%) occurred more frequently than chromosome 18 aneuploidy (1.3%; P < 0.001). Among testicular sperm derived from patients with spermatogenic failure, sex chromosomal aneuploidy (5.8%) was similar to that for chromosome 18 (3.2%). CONCLUSIONS: So far, no difference in the total frequency of chromosomal abnormalities has been observed between patients with normal spermatogenesis and patients with severe testicular failure. However, aneuploidy for chromosome 18 was higher in the group with spermatogenic failure.
Introduction
ICSI has become a widely used technique for the treatment of male infertility as a result of oligoasthenoteratozoospermia. ICSI has been successfully applied to treat infertility caused by azoospermia by using sperm retrieved from testicular biopsies. In this regard, injection of testicular sperm has been used to treat male infertility caused by both obstructive (Craft et al., 1993; Schoysman et al., 1993) and non-obstructive azoospermia. Some data show a significantly lower fertilization rate after ICSI in cases of non-obstructive azoospermia than in obstructive azoospermia (Tournaye et al., 1996; Palermo et al., 1999; De Croo et al., 2000) . According to other reported data Mansour et al., 1997) and from our experience it appears that the success rate of ICSI with testicular sperm from non-obstructive azoospermic patients is dependent on the severity of testicular failure, which is manifested in the number and quality of sperm found in testicular suspensions after extensive searching. Generally, testicular sperm derived from patients with testicular failure score lower with regard to quantity and quality (motility and morphology) than testicular sperm derived from cases with obstructive azoospermia. Several studies support an association between certain types of morphological aberration (e.g. macrocephalic heads, double tails) and sperm chromosome aneuploidy (In't Veld et al., 1997; Bernardini et al., 1998; Viville et al., 2000a; Calogero et al., 2001a) , or between motility (Vegetti et al., 2000) or maturity (Kovanci et al., 2001 ) and sperm chromosome aneuploidy.
Moreover, there is concern as to whether ICSI, the most invasive assisted reproduction technique, might lead to an increase in the proportion of children with de-novo chromosomal abnormalities or gene defects, or to inheritance of the father's infertility problem. Indeed, the results of several studies have shown an increase in de-novo chromosomal aberrations in fetuses and children born after ICSI (In't Veld et al., 1995; Liebaers et al., 1995; Bonduelle et al., 2002 ). An overview of seven studies on prenatal diagnosis after ICSI (Testart et al., 1996; Van Opstal et al., 1997; Govaerts et al., 1998; Loft et al., 1999; Van Golde et al., 1999; Wennerholm et al., 2000; Bonduelle et al., 2002) reported 73 abnormal fetal karyotypes out of 2139 analysed . Forty-two abnormal karyotypes were due to de-novo chromosomal aberrations (of which 16 were due to sex chromosome aberrations and 26 to autosome aberrations) and 31 were due to inherited structural aberrations.
The most relevant study was conducted at the Centre for Medical Genetics and Centre for Reproductive Medicine, University Hospital, Dutch-speaking Free University of Brussels . The authors' data on 1437 karyotypes determined by prenatal diagnosis show a statistically significant increase in de-novo sex chromosomal aneuploidy (0.6%) and structural autosomal abnormalities (0.4%) as compared with the general neonatal population (0.2 and 0.07% respectively). Concerning the major congenital malformation rate, the same study reports similar rates between children born after ICSI with ejaculated (3.4%) and non-ejaculated (epididymal or testicular) sperm (3.2%). No statistical difference was observed in major malformations after use of testicular (2.91%) or epididymal sperm (3.8%). The higher incidence of chromosomal aberrations may be explained by the higher frequency of chromosomal abnormalities reported in sperm from men with fertility problems, who are commonly the ICSI candidates (Moosani et al., 1995; Bernardini et al., 1997; Aran et al., 1999; Pang et al., 1999; Rives et al., 1999; Ushijima et al., 2000; Vegetti et al., 2000; Calogero et al., 2001b) . Meiotic disorders are frequent in infertile patients and are responsible for autosomal and sex-chromosome disomies and diploidy in sperm (Egozcue et al., 2000) .
These observations emphasise the need to assess the frequency of chromosomal abnormalities in testicular sperm from patients with spermatogenic failure. Therefore, the aim of the present study was to analyse the frequency of numeric abnormalities for chromosomes X, Y and 18 by fluorescence in-situ hybridization (FISH) in testicular sperm from patients with spermatogenic failure, and to compare the findings with the frequency of chromosomal abnormalities of testicular sperm from patients with normal spermatogenesis.
Materials and methods

Patients
Testicular sperm used for the study was obtained from 43 patients undergoing testicular biopsy. The mean age of the men was 37 years (range 22-55). All patients were previously diagnosed as azoospermic after more than two consecutive semen analyses. Testicular volume and serum levels of FSH, LH and testosterone were measured. All patients had a normal 46,XY constitutional blood karyotype. Patients had given their written consent for supernumerary sperm after ICSI or for all sperm to be used for research.
Testicular sperm
Testicular biopsies were excised under local or general anaesthesia, and were collected in a Petri dish (Falcon Plastics, type 1006; BectonDickinson, Aalst, Belgium) filled with 3 ml modified HEPES-buffered Earle's medium supplemented with 2.25% human serum albumin (HSA) . One small tissue specimen per testis was fixed in Bouin's for histological examination. The other testicular biopsy specimens were shredded using two sterile microscopic slides in order to obtain a testicular cell suspension for therapeutic or diagnostic purposes (Verheyen et al., 1995) . Microscopic examination of the wet preparation was carried out at 400ϫ magnification under an inverted microscope with Hoffman Modulation Contrast System (Modulation Optics Inc., Greenvale, NY, USA). Where no sperm were observed after 1 h of initial searching, enzymatic treatment of the testicular tissue with 100 IU/ml collagenase type IV (Sigma) was carried out in order to digest the tissue and release the few sperm that might be present (Crabbé et al., 1998) .
Testicular biopsy suspensions were prepared either freshly on the day of surgical intervention (n ϭ 25) or after thawing a fraction of a previously frozen suspension (n ϭ 18).
Fresh testicular suspensions were prepared as follows: the shredded samples were allowed to sediment in a tube. The supernatant was decanted and centrifuged at 300 g for 5 min and the supernatant discarded. The pellet was resuspended in a small volume of modified HEPES-buffered Earle's medium supplemented with 2.25% HSA. Drops of 5 µl of pellet were smeared on the bottom of an ICSI dish, diluted with 5 µl of Earle's medium and covered with 3.5 ml of sterile paraffin oil.
Frozen testicular suspensions were prepared as follows: one or more straws of frozen material were thawed and washed twice with 5 ml of HEPES-buffered Earle's medium supplemented with 2.25% HSA. The pellet was resuspended in a minimum volume of medium and droplets of 5 µl were smeared on the bottom of an ICSI dish, diluted with 5 µl of Earle's medium and covered with 3.5 ml paraffin oil.
The ICSI procedure was first performed with selected sperm. The sperm left in the dish after the ICSI procedure were retrieved individually from the droplets and placed on a microscope slide using the micromanipulator. Only mature-looking sperm or elongated spermatids (type Sd2) (Clermont, 1963) were selected and individually aspirated with the micromanipulator from testicular suspensions, irrespective of their motility and morphological quality.
The fresh testicular tissue and suspension left in the tubes after ICSI were frozen for the patient's use in a subsequent cycle if pregnancy did not occur, or for a subsequent pregnancy.
Sperm retrieval
The retrieval of individual sperm from testicular suspensions was carried out under an inverted microscope (Diaphot; Nikon Corporation, Tokyo, Japan) at 400ϫ magnification using the Hoffman Modulation Contrast System (Modulation Optics Inc., Greenvale, NY, USA). The microscope was equipped with a coarse positioning manipulator (3D Motor Driven Coarse control Manipulator MM-188; Narishige) and with a three-dimensional hydraulic remote-control micromanipulator (Joystick Hydraulic Micromanipulator MO-88; Narishige). The aspiration pipette had a diameter of~10 µm and the tip was ground and bent to an angle of~30°by gentle heating .
Another dish was prepared with 8 drops of 5 µl of 10% polyvinylpyrrolidone (PVP) solution, 8 drops of PVP diluted with medium and 8 drops of medium alone, and covered with sterile paraffin oil. In the first step, the pipette was filled with PVP. The sperm were then aspirated one by one using the micromanipulator from the dish containing the testicular suspension and replaced in the drop of diluted PVP in the second dish, in order to remove the debris and other cells that might be aspirated along with sperm and/or which might stick to the sperm during micromanipulation. If the drop become too contaminated by other cells and debris, the sperm were aspirated together and replaced into a clean drop with medium only. The last step consisted of replacing groups of sperm from the clean medium droplet into a minimum volume of phosphate-buffered saline (PBS), previously delineated with a diamond pen, on a SuperFrost/Plus slide. The droplet was allowed to dry.
The sperm on the slide were fixed with cold fixative (methanol:acetic acid, 3:1) and stored at -20°C.
Nuclei decondensation of testicular sperm
On the day of the FISH procedure, the slides were washed in 2ϫ standard saline citrate (SSC) solution to remove excess fixative and were then incubated at room temperature for 5 min in 1 mol/l TrisHCl buffer (pH 9.5) containing 25 mmol/l dithiothreitol in order to allow DNA decondensation (Martini et al., 1995) . Slides were then washed in 2ϫSSC, 1ϫPBS, dehydrated in an ethanol series (70-96-96-100-100%) and air-dried.
FISH procedure
Prior to hybridization, the slides were incubated for 15 min at 37°C in a pretreatment solution (0.01 mol/l HCl containing 50 µl pepsin) and washed twice in purified water and twice in 1ϫPBS, followed by 10 min fixation in methanol:acetic acid (3:1) at 4°C. After two washing steps with 1ϫPBS and two with purified water, the slides were dehydrated in an ethanol series (70-90-100-100%).
The DNA probes (Vysis, Inc., Downers Grove, IL, USA) used for this study were centromeric DNA probes (chromosome enumeration probe, CEP) for chromosomes X, Y and 18, directly labelled with Spectrum Green, Spectrum Orange and Spectrum Aqua fluorophores respectively. The probe mixture consisted of 7 µl CEP buffer, 1 µl CEP X-Spectrum Green, 1 µl CEP Y-Spectrum Orange and 1 µl CEP 18-Spectrum Aqua.
The FISH procedure was performed according to the protocol recommended by Vysis for directly-labelled probes: the probe mixture was applied to the specimen target area, covered with a glass coverslip and denatured at 75°C on a hot plate for 3 min. The coverslips were sealed with rubber cement and hybridization took place overnight in a humidified chamber at 37°C.
For the post-hybridization washing, coverslips were removed and the slides were immersed immediately in 0.4ϫSSC solution at 73 Ϯ 1°C for 2 min and then washed at room temperature for 1 min with 2ϫSSC/0.1% NP40 (Tergitol NP40; Sigma) solution. Finally, the slides were mounted in Vectashield antifade medium (Vector Laboratories Inc., Burlingame, CA, USA) containing 4Ј,6'-diamidino-2-phenylindole (DAPI) counterstain.
In order to test the efficiency of the procedure, peripheral blood lymphocytes from a healthy donor with a normal (46,XY) karyotype was used as a control for each FISH procedure on testicular sperm.
Microscopy and scoring criteria
Slides were examined using a Zeiss-Axioplan fluorescence microscope with the appropriate filter sets (Vysis): single band pass filter DAPI, single band pass filter orange, single band pass filter green, triple band pass filter DAPI/orange/green and a single band pass filter Aqua.
A sperm nucleus was scored only if it was intact and did not overlap with other nuclei. An X or Y chromosome in a sperm nucleus was recognized by a green or orange fluorescent spot respectively. Chromosome 18 was recognized by the presence of an aqua fluorescent spot in the sperm nucleus.
Only clear hybridization signals, comparable in brightness and size and separated from each other by at least one diameter, were taken into consideration. Sperm showing no signal for chromosome X, Y or 18 were not included in the study, as this outcome may reflect unsuccessful hybridization due to inadequate nuclear decondensation.
Sperm nuclei were scored as disomic for sex chromosomes when two distinct X or Y signals or a X and a Y signal and a single fluorescent spot for chromosome 18 were clearly visible within the nucleus (Van Dyk et al., 2000) . Sperm nuclei with only a single visible chromosome 18 signal were scored as nullisomic for sex chromosomes. Sperm nuclei with no aqua fluorescent signal detected in the presence of any sex chromosome signal were scored as nullisomic for chromosome 18. Sperm nuclei were considered diploid 2251 when two sex chromosome signals and two chromosome 18 signals were present. Sperm nuclei were considered disomic for chromosome 18 when two aqua fluorescent signals and a green or an orange fluorescent spot was present in the sperm nucleus.
Statistical analysis
In order to compare different parameters (age, hormonal values and testicular volume) in the patients with normal spermatogenesis and those with spermatogenic failure, the Mann-Whitney U-test was applied.
The χ 2 -test was used to analyse: (i) the differences in frequency of aneuploidy for sex chromosomes and for chromosome 18 among and between the groups showing normal spermatogenesis and spermatogenic failure; and (ii) the proportion of normal haploid sperm bearing an X or Y chromosome between those two groups.
The statistical analysis was performed using MedCalc software (Ghent, Belgium). All tests were performed at the 5% level of significance.
Results
Patient characterization
Based on histological examination of testicular biopsies, 43 azoospermic patients were divided into those showing normal spermatogenesis on their histology (n ϭ 26), considered as the control group, and those showing spermatogenic failure (n ϭ 17). The latter cases were further subdivided according to the histological pattern of the testis into Sertoli cell-only syndrome (SCOS; n ϭ 11) and maturation arrest (MA; n ϭ 6), both with focal spermatogenesis.
The median age for patients with spermatogenic failure (30.0 years, range 22-54) was significantly lower than in cases with normal spermatogenesis (39.0 years, range 29-55; P ϭ 0.0022).
Significantly higher values of serum FSH (normal values: 1.5-12.4 mIU/ml) were found in cases with spermatogenic failure (median 23.7 mIU/ml, range 1.9-60.8) than in cases with normal spermatogenesis (median 5.1 mIU/ml, range 2.1-27.3; P Ͻ 0.01). Similarly, higher serum LH levels (normal values: 1.7-8.6 mIU/ml) were found in patients with spermatogenic failure (median 7 mIU/ml, range 2.7-15.5) than in patients with normal spermatogenesis (median 4.2 mIU/ml, range 2.8-8.8; P Ͻ 0.05). No significant difference was observed in testosterone levels (normal values: 2.8-9.9 µg/l) of patients with normal spermatogenesis (median 3.5 µg/l, range 2.5-4.6) as compared with patients with spermatogenic failure (median 3.5 µg/l, range 2.7-7.5). In terms of testicular volume, a significantly higher volume was observed in patients with normal spermatogenesis (median 20 ml, range 12-35) than in patients with spermatogenic failure (median 10 ml, range 6-20; P Ͻ 0.01).
FISH results
Sperm retrieval
A total number of 1839 sperm cells were analysed by FISH and 1697 of these provided interpretable results, giving a total FISH efficiency of 92.2% (1697/1839). The number of testicular sperm successfully analysed in both groups of patients are presented in Table I . Due to the limited number of cells, statistical analysis between SCOS and MA groups was considered inappropriate.
Numerical chromosomal abnormalities
The number of scored sperm and the distribution of chromosomal abnormalities for each individual patient are reported in Table II . Statistical analysis demonstrated that the proportion of normal haploid sperm from testicular biopsies bearing X or Y chromosomes was not significantly different from the 1/1 ratio in either of the two groups of patients: those with normal spermatogenesis or those with spermatogenic failure.
The frequency of chromosomal abnormalities (considered as the cumulative frequencies of sperm showing disomy, nullisomy or diploidy for the sex chromosomes or for chromosome 18) was 5.6% (range 0-18.2) in the group with normal spermatogenesis and 8.2% (range 0-25) in the group with spermatogenic failure. After pooling the data of all groups, 6.3% of testicular sperm were found to be abnormal. In all groups, the frequency of numeric chromosomal abnormalities showed a wide variation among patients (Table II) .
Comparison of chromosomal abnormalities in testicular sperm derived from patients with normal spermatogenesis and from patients with spermatogenic failure
Comparison of the distribution of numerical chromosomal abnormalities in testicular sperm derived from patients with normal spermatogenesis and from patients with spermatogenic failure is reported in Table III. Although there was a tendency towards a higher frequency of numeric chromosomal abnormalities in sperm from cases with spermatogenic failure (8.2%) than in cases with normal spermatogenesis (5.6%), no statistically significant difference was found (P ϭ 0.076). The proportion of sex chromosome aneuploidy was 4.5% in the group of patients with normal spermatogenesis and 5.8% in the group of patients with spermatogenic failure, which was not significantly different. However, there was a significantly higher frequency of aneuploidy for chromosome 18 in the group with spermatogenic failure (3.2%) than in the group with normal spermatogenesis (1.3%; P ϭ 0.016).
The frequency of total disomy, defined as disomy for the sex chromosomes (XX, XY, YY) or for chromosome 18 (1818), was 2.5% in sperm from the group with normal spermatogenesis and 3.7% in sperm from the group with spermatogenic failure (not significant). The frequency of sex chromosome disomy in the group characterized by normal 2252 spermatogenesis was 2.2%, similar to the frequency of 2.4% in the group characterized by spermatogenic failure. A higher frequency of disomy for chromosome 18 was observed in testicular sperm derived from patients with spermatogenic failure (1.3%) than in that retrieved from patients with normal spermatogenesis (0.3%; P ϭ 0.05).
The frequency of total nullisomy, defined as the absence of any sex chromosome or of chromosome 18, did not differ between the two groups of patients. Neither for the sex chromosome nullisomy rate, nor for chromosome 18 nullisomy was a difference observed between the group with normal spermatogenesis and the group with spermatogenic failure (Table III) .
The frequency of diploidy, defined as XX1818, XY1818 or YY1818, was also similar in the two groups.
Distribution of chromosomal abnormalities in testicular sperm of patients with normal spermatogenesis
Among testicular sperm derived from patients with normal spermatogenesis, there was a significantly higher frequency of sex chromosomal aneuploidy (4.5%) than in the group with chromosome 18 aneuploidy (1.3%; P Ͻ 0.001). The incidence of disomy and the incidence of nullisomy for the sex chromosomes (2.2 and 2.1% respectively) were higher (P Ͻ 0.001 and P ϭ 0.007) than for chromosome 18 (0.3 and 0.7% respectively) ( Table IV) .
Distribution of chromosomal abnormalities in testicular sperm of patients with spermatogenic failure
Among testicular sperm derived from patients with spermatogenic failure, the proportion of sex chromosomal aneuploidy (5.8%), was similar to that for chromosome 18 aneuploidy (3.2%) ( Table IV) .
Discussion
Since the introduction of ICSI for assisted reproduction, sperm recovered from testicular biopsies can be successfully used in establishing pregnancies. Several sperm may be recovered from a wet preparation of a testicular biopsy, not only in obstructive azoospermic patients with normal spermatogenesis, but also in some patients with non-obstructive azoospermia showing severe testicular failure, and even where sperm have been missed on histology . A certain proportion of cells retrieved from testicular biopsies for ICSI are elongated spermatids or mature-looking sperm with different degrees of motility and morphological quality. Especially in cases of non-obstructive azoospermia, motility, if present, is very weak and the morphological quality is rather poor. Observations concerning the association between chromosomal aneuploidy and some morphological anomalies of the head (In't Veld et al., 1997; Viville et al., 2000a; Calogero et al., 2001a) or immotility (Vegetti et al., 2000) and immaturity (Kovanci et al., 2001 ) of sperm raise the question of an increased risk of chromosomal abnormalities in sperm retrieved from azoospermic patients. The present study aimed to analyse testicular sperm from this specific group of infertile patients by FISH. The purpose was to evaluate chromosomal aneuploidy in the testicular sperm retrieved from patients with normal spermatogenesis and from patients with spermatogenic failure, in order to estimate the risk for chromosomal abnormalities in the offspring of these two groups of patients. Due to practical problems and limited cell numbers, it was inappropriate to group the retrieved testicular sperm according to their morphology and/or motility. Consequently, our results provide the overall aneuploidy rate of all mature-looking testicular sperm and not only of a subgroup presenting good morphology and motility. Immotile sperm or sperm with poor morphology are indeed sometimes used in clinical ICSI practice for cases of severe testicular failure.
So far, few studies on chromosomal abnormalities in 2254 testicular sperm have been reported. Moreover, the data are controversial, which may relate to differences in patient selection, cell selection and/or methodology. In these studies, the patients were mostly characterized on the basis of their clinical diagnosis and were grouped together as obstructive azoospermia and non-obstructive azoospermia, but the result of the histological examination was not always provided (Martin et al., 2000) . The obstructive azoospermia cases showed congenital absence of the vas deferens (Viville et al., 2000b; Levron et al., 2001 ) with presumed normal spermatogenesis. In cases of non-obstructive azoospermia, Martin et al. did not provide any histological result (Martin et al., 2000) . Although thousands of sperm had been observed, their patients were defined as non-obstructive. Our criteria for classifying patients was based on histological diagnosis, which is considered a most reliable parameter. Considering the cell selection and methodology used, testicular sperm were analysed either after smearing the testicular suspensions on slides (Bernardini et al., 2000) , or after aspirating and transferring sperm on slides with the micromanipulator (Martin et al., 2000; Viville et al., 2000b; Levron et al. 2001) . In our study, as in that by Levron et al. the sperm were individually aspirated from testicular suspensions left in the ICSI dish after microinjection (Levron et al., 2001) . By this technique, which most resembles the procedure applied in clinical ICSI practice, we allowed a proper identification of the sperm cell and its maturational stage. In this way any possible confusion was avoided with the immature stages and/ or with other cells from the testicular suspension that might have led to a misinterpretation of the FISH signals.
In the present study, despite a reasonable number of patients (n ϭ 43) being involved, the number of cells analysed in the three groups was limited: 1232 in the group with normal spermatogenesis and 465 in the group with spermatogenic failure. Only the sperm remaining in the droplets under oil after completion of ICSI were accessible for the study while the remaining tissue suspension was frozen for the patient. In the cases with spermatogenic failure, however, it repeatedly happened that the entire suspension, sometimes after enzymatic digestion, was used to carry out ICSI, after which exploration of the very few remaining sperm cells for FISH was carried out.
The frequency of chromosomal abnormalities in testicular sperm from azoospermic patients with normal spermatogenesis (5.6%) and spermatogenic failure (8.2%), or from both groups together (6.3%) suggest a slight increase in the frequency of chromosomal abnormalities compared with the reported data in ejaculated sperm of fertile control donors, which is Ͻ2% (Aran et al., 1999; Colombero et al., 1999; Bernardini et al., 2000; Ushijima et al., 2000; Vegetti et al., 2000; Calogero et al., 2001a; Levron et al., 2001) . Considering the group of patients with normal spermatogenesis, the present result of 5.6% of chromosome abnormalities in testicular sperm is comparable with the 6.8% presented by Viville et al. (Viville et al., 2000b) and with the 8.2% presented by Levron et al. for obstructive cases (Levron et al., 2001) . Our results on testicular sperm from patients with normal spermatogenesis, as well as the results of Levron et al. from obstructive cases, show a significantly higher frequency in sex chromosome aneuploidy than in aneuploidy for chromosome 18 (Levron et al., 2001) . This higher frequency is manifested in a significant increase in both the disomy and the nullisomy frequencies for sex chromosomes as compared with chromosome 18. This suggests that during male meiosis, the sex chromosomes are more susceptible to non-disjunction than the autosomes (Downie et al., 1997) .
In the group of patients with spermatogenic failure, an overall frequency of chromosomal abnormalities of 8.2% was obtained. No difference between sex chromosomes and chromosome 18 with respect to disomy or nullisomy was observed. Our frequency of chromosomal abnormalities (8.2%) deviates from three other studies carried out on testicular sperm from non-obstructive patients:~2% for chromosomes X,Y,13,21 in the study by Martin et al., ~44% for chromosomes 1, 17 and~56% for sex chromosomes in the study by Bernardini et al., and 19 .6% in the study by Levron et al. (Bernardini et al., 2000; Martin et al., 2000; Levron et al., 2001) . Bernardini et al. found very high frequencies of aneuploidy, which may be related to a difference in methodology (cytospun TESE suspension) and/or scoring criteria (Bernardini et al., 2000) . Cells without any signal were scored as nullisomic in this study. The frequency of nullisomy rose to 23.5% for sex chromosomes and to 15% for chromosomes 1/17. In our study, cells without any FISH signal were 2255 considered a FISH failure and were not taken into account for analysis. However, if we consider the cells in our study without any signal (only DAPI signal) as being nullisomic, the frequency of chromosomal abnormalities would be 7.2% in the group with normal spermatogenesis and 9.9% in the group with spermatogenic failure, which does not affect the conclusions of our study. Martin et al. were able to collect high numbers of sperm per patient (Ͼ1000 for two patients and Ͼ400 for the third) (Martin et al., 2000) . Their patients showing normal FSH levels were considered non-obstructive cases in the absence of a histological diagnosis. All of this suggests at least partial obstruction in these patients. In our hands, patients with a histological diagnosis indicating nonobstructive azoospermia suffer from severe testicular failure and several hours may be spent looking for the limited sperm numbers required to inject the oocytes.
Comparing the frequencies of chromosomal abnormalities in testicular sperm from patients with normal spermatogenesis (5.6%) and with spermatogenic failure (8.2%), our results suggest no overall difference between these two groups. Our findings are in contradiction to the study by Levron et al. whose results showed a higher aneuploidy rate in the nonobstructive (19.6%) than in the obstructive group (8.2%) (Levron et al., 2001 ). In our study, a significant difference was observed only in the frequency of disomy for chromosome 18, which was highest in the group with spermatogenic failure. One possible explanation for this contradiction might be the difference between the number of cells analysed in our study (465 and 1232) and in the study by Levron et al. (153 and 367 respectively) .
There is no clear explanation for the elevated frequency of chromosomal abnormalities (tested for chromosomes X, Y and 18) in testicular sperm. Autosomal disomy can arise from nondisjunction in both meiosis I and meiosis II (Asada et al., 2000) . Abnormal segregation of the sex chromosomes leading to nullisomy (only chromosome 18 present) or different arrangements of disomy (XY, XX, YY) suggests non-disjunction at either the mitotic stages in diploid spermatogonial cells, or at meiotic (I and/or II) division stages (Huang et al., 1999) . In sex chromosomes, non-disjunction during meiosis I results in an XY disomy, whereas non-disjunction during meiosis II results in an XX or YY disomy (Asada et al., 2000) . Nevertheless, the increased frequency of chromosomal abnormalities in testicular sperm from patients with normal spermatogenesis, as compared with ejaculated sperm, is hard to explain. It may be hypothesized that there is a mechanism involved in sequestration of abnormal sperm during epididymal transit, resulting in a lower aneuploidy rate in ejaculated sperm (Levron et al., 2001) .
Studies on chromosomal aneuploidy in testicular sperm are scarce. Moreover, the cell numbers are small and the patient selection and methodology differs greatly. This may explain the high variability in aneuploidy frequencies in testicular sperm from azoospermic patients among different studies. For our study, the availability of the cells was limited, as cryopreservation of supernumerary testicular suspension was considered to have priority. This suggests that the study might be prone to a type II (β) error. These findings imply the need for assessment of a higher number of testicular cells in future studies.
FISH on ejaculated sperm is easier and more reliable (high cell numbers) than FISH on testicular sperm. In contrast to ejaculated sperm, testicular sperm show different degrees of sperm nuclei decondensation, leading to differences in the access of the probes to the DNA of the sperm. This may partly explain the lower hybridization efficiency in testicular than in ejaculated sperm reported in the literature (Bernardini et al., 2000; 80%) (Viville et al., 2000b; 95.4%) as well as in our study (92.2%). Additional factors, such as variation in signal scoring criteria, fluorescence microscope configuration, DNA cross-hybridization and patient-to-patient variation may contribute to this variability in numeric chromosome abnormalities.
In conclusion, the results of the present study suggest an increased frequency of chromosome abnormalities in testicular sperm from azoospermic patients as compared with the reported data on ejaculated sperm. So far, no difference in the frequency of chromosome abnormality has been observed for testicular sperm of patients with normal spermatogenesis and patients with spermatogenic failure. However, the frequency of aneuploidy for chromosome 18 was higher in the group with spermatogenic failure than in the group with normal spermatogenesis. Overall, sex-chromosome aneuploidies seemed to occur more frequently than aneuploidy for chromosome 18.
The wide range of individual frequency of chromosomal aneuploidy detected in testicular sperm from both groups of patients considered in this study might lead to the idea, also suggested by Martin et al. , that some azoospermic patients may have a higher risk of carrying chromosomal abnormalities in meiotic cells than others (Martin et al., 2000) . Additional FISH studies on testicular sperm and data from preimplantation genetic diagnosis by aneuploidy screening or prenatal diagnosis in cases where ICSI was carried out with testicular sperm are necessary in order to give better genetic counselling to couples referred for ICSI.
